Computer simulations are a useful tool to explore the effects of interactions and structure of surfactants on interfacial microstructure and properties. Starting with "molecular-level", threedimensional reference systems of short amphiphilic surfactants at fluid-fluid interfaces, we here derive effective interaction potentials for the corresponding two-dimensional systems of structureless particles confined to the interface plane. These reference systems are comprised of two immiscible mono atomic fluids (water-and oil-like particles) and nonionic linear amphiphilic surfactants. Our results show that coarse grained interaction potentials are only weakly dependent on surface concentration but their behavior is strongly dependent on surfactant interactions. The coarse grained system preserves the in-plane surfactant center-of-mass pair correlation function at the interface and the results of surface pressure-area isotherms are in a good agreement. This approach can be extended straightforwardly to other types of surfactants at both fluid-fluid and fluid-gas interfaces providing us with an effective pairwise interaction potential for the surfactant monolayer. These effective interactions can be used to explore large-scale self-assembly within the monolayer especially at low surface concentrations where reference simulations are extremely time-consuming.
On the experimental side, Langmuir troughs have been used widely to explore spatial and structural phase behavior of surfactant monolayers through investigating surface pressure-area isotherms 7, 11 . Fluorescence microscopy 14 , Brewster angle microscopy 33 and x-ray surface scattering have been used to study molecular ordering and phase behavior of surfactants at both fluid-fluid and fluid-gas interfaces 7, [11] [12] [13] . These experimental techniques, allow us to study both spatially homogeneous and inhomogeneous phases consisting of liquid, solid or gas regions 12 as well as the formation of micrometer size domains 14, 33 in surfactant monolayers. These surface features are strongly dependent on the surfactant architecture 34 and even on the solvent type 12 .
perimental techniques. On the other hand, all atomistic simulations of Langmuir monolayers are limited to relatively small system sizes, short time scales and very fast deformation rates (in case of nonequilibrium simulations) due to the huge computational costs with available computational resources 32 . Coarse grained (CG) simulations 8, 9, 15, 17, [23] [24] [25] [26] [27] [28] [29] [30] [31] , have resolved the issue of time and length scales to some extent and have provided us with useful information on the effects of surfactant architectures on interfacial properties 25, 35 . But we believe these models can still be further simplified and at the same time, can preserve some important features of their reference atomistic systems, resulting in probing larger length and time scales with less computational and technical effort. Systematic approaches to dynamics of coarse-grained systems have been put forward and can be used to investigate dynamical properties of CG systems for larger time-scales [36] [37] [38] [39] . Here we focus our attention to static coarsegraining and hence the length-scale bridging. Therefore, one can simulate larger systems and determine phase coexistence and domain formation which cannot be studied in all atomistic simulations of small systems as they correspond to thermodynamically metastable states 30 . Although potentials of mean force for surfactants perpendicular to the interface have already been studied 26 , to the best of our knowledge, so far there has been no attempt to derive effective interaction potentials for the surfactants (which is the lateral interaction potential between surfactant center-ofmasses) within the interfaces. To this end, we propose a mapping, from a three-dimensional (3D) molecular-level reference system (similar to the models used in Ref. 8, 9, 26 ) to a 2D surfactant monolayer of structureless particles. We derive effective interaction potentials (suitable for 2D simulation of surfactant monolayers) from reference trajectories, by using a multiscale-coarse graining (MS-CG) scheme 40, 41 . The effects of solvents, internal structure and underlying molecular-level interaction potentials are all incorporated into this effective pairwise potential. This mapping procedure can be extended straightforwardly to other types of surfactants both at fluid-fluid and fluid-gas interfaces, resulting in an effective 2D fluid, computationally far more efficient and simpler than their reference molecular-level systems. More importantly, given an effective pairwise interaction potential, one can explore the spatial (not the structural) phase behavior of Langmuir monolayer of short surfactants (which corresponds to gaseous, liquid phases and their coexistence regions 7 ) by using e.g. well-established liquid state theories 42 . This is especially important for the gaseous-liquid expanded phase transition of Langmuir monolayers which happens at very low surface concentrations 7 and is computationally expensive to explore in a full 3D atomistic simulation. A very large 3D system is needed to accommodate enough surfactants at the interface such that one can reduce finite-size effects and perform a reasonable statistical analysis. We verify the strong dependency of the surface features in Langmuir monolayers on surfactant structure 34 via comparing effective interaction potentials between two very similar reference systems for the same surfactant architecture H 5 T 5 with slightly different molecular-level interactions, which we call "symmetric" and "asymmetric" cases throughout this work. We also explore the effect of surface concentration on the effective interaction potentials for both cases.
The remainder of this manuscript is organized as follows. In the next section, details about the molecular-level reference model simulations, mapping operator and consistency conditions of MS-CG are explained. Supporting details regarding local pressure tensor calculations and the force matching scheme are discussed in the Supplementary Information. Results of the MS-CG for two different sets of molecular-level interactions at several surface concentrations, and Monte Carlo (MC) simulations of corresponding 2D systems are discussed in the Results section. Finally, we summarize our findings in the Conclusions.
Multiscale coarse graining
In this section, we begin by defining the molecular-level reference system that has been introduced in Ref. 9 (with a different surfactant architecture) to model linear, flexible nonionic amphiphilic surfactants dispersed in oil-and water-like fluids. Corresponding simulation results of pressure and density profiles are shown and discussed. Then, we describe how the coarse graining scheme is applied to these systems in order to derive effective interaction potentials.
Reference simulations
We choose a simple well-known molecular model that has been studied in the literature 9 as our reference ternary system. The reference system consists of two immiscible fluid particles namely o and w (oil-like and water-like particles) and linear amphiphilic surfactant chains consisting of five head and five tail beads, H 5 T 5 . A conventional bead-spring model for the chain molecules and truncated and shifted Lennard-Jones (LJ) potential for all nonbonded interaction pairs within the system 8, 9, 25, 26, 35, 43 are used
where ε i j is the potential well depth and σ i j is the average atomic diameter of particles i and j. Equation (1) represents the nonbonded interaction potential between a single pair of particle types i and j (i and j runs over all species i.e. o, w, H, T), the sum of which over all pairs of particles within the system gives us the system non-bonded potential energy. Identical particles as well as water-head (w-H) and oil-tail (o-T) interact via the full LJ potential and thus prefer to reside in close neighborhood, while all other pairs of particles are disfavored (by setting the cut-off distance to 2 1/6 σ ) to drive a (micro) phase separation.
In order to explore the effects of surfactant structure on the effective interaction potential, we have considered two sets of interaction potentials. The first set are interaction potentials for symmetric surfactants, for which all the monomers and solvent particles have the same size σ i j = σ and the same potential well depth ε i j = ε. These interaction parameters are summarized in Table 1 . The second set are interaction potentials for asymmetric surfactants, where the potential well depth between H segments is set to ε H−H /ε = 1.2, such that these segments have more affinity to- 
where k is the spring constant and l 0 is the equilibrium separation, which are set to k = 100 ε/σ 2 (large enough to prevent chain crossing) and l 0 = 1.0 σ for all cases 9 . The open-source molecular dynamics simulation package LAMMPS 44 is used to perform all 3D simulations in the canonical ensemble. For all cases, we have used a system of 166400 particles (solvent and monomer) inside a simulation box with dimensions L x = L y = 50.56 σ , L z = 92.96 σ and overall particle density of ρ = 0.7 σ −3 . Periodic boundary conditions are used in all three directions x, y and z. The masses of all particles (solvent and monomer) are the same (m) and we have used an integration time step of 0.005 σ m/ε. A Nosé-Hoover thermostat 45 with damping time of 0.5 σ m/ε is used to keep the temperature fixed at T = 1.0 ε/k B . The same state point (ρ = 0.7 σ −3 , T = 1.0 ε/k B ) has been studied before in Ref. 9 .
Each simulation consists of two main intervals followed by a sampling interval. In the first interval, we start the simulation from an initial configuration at which one layer of o particles (83200 total) are sandwiched with respect to the z-direction between two layers of w particles (83200 total, which are connected via the periodic boundaries) in a fcc lattice (with no polymer chains). We let this system relax for 50000 time steps, while the interface is found to remain intact and oriented normal to the z-direction. Afterwards, for each polymer chain H 5 T 5 to be inserted, we select randomly 10 adjacent solvent particles from the interfacial region (either upper or lower interface) where the first 5 particles are of w-type and the rest are of the o-type and the distance between each pair of successively selected particles is less than 1.5 σ . Subsequently, we change the identity of selected w (and o) particles to H (and T) and connect the successive particles with harmonic springs defined in Eq. (2). Depending on the total number of surfactants N, we continue this procedure until placing half of them at each interface. Now the system is ready for the second interval in which we continue the simulation for another 10 5 time steps before starting sampling the equilibrium state. We monitor system pressure and temperature to make sure the system has equilibriated and we are sampling the equilibrium state. Data are then collected once every 20 steps for the final 10 5 sampling time steps. Figure 1a represents an equilibrium snapshot of a system corresponding to asymmetric surfactants, comprised of an equal number of o and w particles (N o = N w = 77200) and 1200 H 5 Number densities and molecular pressure tensor components as a function of z, normal to the interface. n o , n w and n p represent o, w and surfactant COM number density profiles respectively. P N and P T stand for normal and transverse components of the pressure tensor. The statistical error for n o , n w , n p is 0.001 σ −3 and for P N and P T is 0.008 εσ −3 and 0.012 εσ −3 respectively. ent surfactant surface concentrations in two cases) we can observe that surfactants preferably attach to the interfaces and form rather planar monolayers. We support our observations by calculating density profiles for all species. Figure 1b illustrates o, w and H 5 T 5 center-of-mass (COM) number density profiles, as n o , n w and n p respectively. These profiles are symmetric with respect to the center of the simulation box and the solvent densities are quite uniform in the bulk phases. The density of surfactants is close to zero within the bulk phases and is sharply peaked at the interfacial region. We investigate the surfactant monolayer film more precisely in Figure 2 , where n p as a function of distance from the center of the simulation box is plotted at different surface concentrations for both symmetric and asymmetric surfactants. By fitting Gaussian distributions to the density profiles, the width of the surfactant COM distribution in the z-direction for symmetric and asymmetric cases have been calculated as 4.68 ± 0.56 σ and 4.23 ± 0.28 σ respectively over the examined surface concentration range. Therefore, the z-component of the surfactant COMs are trapped in an interface layer with thickness of a few molecular diameters only, while in the x-and y-direction there is no such limitation, hence they can sample the whole configuration space in the xy-plane. We further analyze the interfacial film through considering the bond orientational order parameter S S = P 2 (cos θ ) = 3 cos 2 θ − 1 2
where P 2 (x) is the second Legendre polynomial and θ is the polar angle between bonds within the surfactants and their director (i.e. the direction normal to the interface), and the brackets denote an ensemble average. Figure 3 shows S for symmetric (circles) and asymmetric (squares) surfactants adsorbed at the interface as a function of surface coverage. As can be seen in this figure, there is a very weak orientational ordering even at relatively large surface concentrations for both symmetric and asymmetric cases. These arguments and observations together provide a strong motivation to integrate out the solvent particles and internal degrees of freedom of the surfactants, and develop our 3D to 2D mapping operator, which maps the entire 3D system to projected surfactant COMs on the xy-plane.
We have calculated the values of the components of the pressure tensor P, using the Irving-Kirkwood definition 46 (see also the Supplementary Information). For interfacial systems, the condition of hydrostatic equilibrium implies that the pressure tensor is diagonal and just a function of z, with a constant normal component P N (z) throughout the simulation box 25, 46, 47 . Considering symmetry of the system away from the interfaces, the transverse component P T (z) should be equal to P N (z) in the bulk phases. Coming back to Figure 1b , we find that P N is constant throughout the simulation box and P T is equal to P N in the bulk phases and is much reduced within the interfaces, consistent with the mechanical equilibrium condition 25, 46 . We have calculated the pressure tensor from both molecular 47 and atomic 46 perspectives (see also the Supplementary Information), and obtained the same ensemble averages within numerical accuracy from both routes 48, 49 . Equality of both ensemble averages provides a further test on the successful equilibration of our configurations 50 . Numerical details about pressure tensor calculations are also given in the Supplementary Information.
Mapping to an effective two-dimensional system
Motivated by the fact that surfactant COMs basically remain in the interface plane, revealed by the density profiles in Figure 2 , we define CG sites as projected surfactant COMs on the xy-plane:
where N int is the average number of surfactants, adsorbed at each interface plane. Over the last decades, several different coarse graining schemes have been developed for soft matter systems [37] [38] [39] 51, 52 . Starting with configurations r n of the molecularlevel reference system, we follow Ref. 40, 41 and define the map-
Assuming equal mass for all the beads within polymers, this operator will take the form of:
where r n = {r w 1 , ..., r w Figure 4 depicts how the mapping procedure is applied to the molecular-level reference system. Using such a mapping operator has two advantages; first, since there are no solvent particles involved in the definition of CG sites, the resulting CG system is solvent free but their effects are incorporated implicitly in the potential of mean force for the CG sites 40 . Second, the system's dimension is reduced from 3D to 2D, which eliminates all degrees of freedom in z-direction. These two advantages together enable us to investigate interfacial monolayers on much larger length scales with less computational effort.
Consistency conditions
As alluded to above, several suggestions for defining an effective CG potential U(R N int ) have been put forward in the literature. Here we follow Ref. 40 and require consistency between the coarse grained and molecular-level description of the equilibrium Boltzmann weight of the corresponding configurations :
where U(R N int ) and u(r n ) are the CG and reference potential energy, respectively, and β = 1/k B T . Equation (6) implies that the CG potential energy can be determined completely (except for an additive constant) by the reference potential energy and the mapping operator. From the definition (6), the CG potential is related to the restricted canonical partition function, and should therefore be interpreted as an effective free energy which depends on density and temperature. Following the same steps as in Ref. 40 , we obtain the following relation for our coarse grained force field:
where
denotes the total force exerted on the j th bead within the I th surfactant in the reference system, and the sum within brackets is the net force exerted on the I th surfactant COM, projected onto the xy-plane, which we call f I . The angular brackets represent the canonical expectation value of any continuous function g(r n ) of reference coordinates under the condition of fixed surfactant COM positions M N int R (r n ) = R N int 40 :
Using Equation (7) and applying a variational principle (discussed in Ref. 40, 41 ), the CG force field F can be obtained from underlying molecular-level simulations by minimizing the residual χ 2 (F) 40, 41 :
where t runs over reference samples (n t in total) and F I,t (or f I,t ) represents F I (or f I ) in the t th configuration. The present scheme and definitions automatically satisfy consistency in momentum space by assigning mass of all CG sites M I = mλ 40 . We assume a central pairwise interaction potential U CG (r) 40, 41, [53] [54] [55] and thus a radial pairwise forcefield
Therefore, the in-plane coarse grained force (left hand side of Eq. (7)) exerted on each surfactant COM can be calculated by summing all pairwise forces from neighboring surfactants in the interface plane. By using the force matching scheme which is discussed in details in the Supplementary Information, we determine the coarse grained forcefield F CG (r) (and hence the coarse grained pairwise interaction potential U CG (r) except for an additive constant) through minimization of the residual χ 2 (F). Since we have considered a function space consisting of linear spline basis functions in our force matching scheme, the calculated CG forcefield is a piecewise continuous linear spline function (see Supplementary  Information) .
In the following section, we present the results of MS-CG at different surface concentrations and for two different sets of reference interaction potentials corresponding to symmetric and asymmetric surfactants.
Results
The results of MS-CG together with a comparison between molecular-level and CG simulations results are discussed in this section. MS-CG is performed for four different surface concentrations corresponding to N = {1200, 1000, 800, 600} for both symmetric and asymmetric cases. For CG simulation of systems at lower surface concentrations (e.g. N = {400, 200}) the effective potential corresponding to N = 600 is used. Figure 5a depicts the results of MS-CG for the system consisting of N = 1200 (N int ≈ 600) symmetric surfactants corresponding to a surface concentration of Γ = 0.234 σ −2 . A common feature of coarse-grained force field is that they are relatively soft. Therefore, the surfactant COMs are mutually repulsive but can possibly overlap. We support this argument by considering Figure 6 in which the pair correlation function of projected surfactant COMs onto the xy-plane is presented, and does not vanish at small intermolecular separations. Coming back to Figure 5a , the confidence interval shows that the forcefield is less accurate at small intermolecular distances than larger COM separations because in reference MD simulations, near zero intermolecular distances are less frequently sampled than the larger intermolecular distances. The effective interaction potential (which is obtained by integrating the average force field with a minus sign and shifting it such that U CG (r cut ) = 0) is shown in Figure 5b for different surface concentrations. Figure 5b implies that the effective interaction potential does not depend strongly on the surface concentration and it gets slightly more repulsive with increasing surface concentration. Similar results for concentration-dependent interaction potentials were observed for polymer chains undergoing nonintersecting self-avoiding walks in a bulk phase 56 . Using tabulated effective CG potentials, we have performed 2D MC simulations using the Metropolis scheme (as described e.g. in Ref. 57 ) to validate the assumption of pairwise additivity and to check the accuracy of our force matching scheme. Figure 6 depicts a comparison between COM pair correlation functions obtained from 3D molecular-level and 2D CG simulations for different surface concentrations. The agreement is very good (which validates our force matching scheme) except for the regions with small intermolecular separation (say less than 0.5 σ ) where the matched forcefield is less accurate due to the poor sampling of such distances in the reference configurations. With increasing surface concentration the agreement gets better even at short distances due to the higher probability of sampling smaller intermolecular distances in molecular-level configurations.
Symmetric surfactants
In the 3D reference systems, interfacial tension can be obtained by integrating the difference between normal and transverse components of the pressure tensor in the direction normal to the interface 24 :
where the coefficient 1 2 is due to the fact that there are two o-w interfaces in our periodic system. Using Equation (10) facial tension of the bare interface (with zero surface concentration Γ = 0) and decorated interface i.e.
In our 2D CG system, calculation of the surface pressure is simpler than in the molecular-level one, since it is nothing but the scalar pressure,
. The latter can be calculated from the virial theorem as
We note that Eq. 12 differs from the standard form of the virial equation by an additional term ∂U CG /∂ Γ due to the densitydependence of the effective potential 58 . Details on the numerical evaluation of the pressure from Eq. 12 are given in the Supplementary Information. Figure 7 shows the surface pressure as a function of the average area per molecule (inverse of the surface concentration) obtained from reference and CG simulations (Equations (11) and (12) respectively). This figure shows that the CG model is quite successful in predicting surface pressure-area isotherms for the range of surface concentrations we have examined. We further investigate our MS-CG approach by considering another set of interaction potentials for our molecular-level reference system in the next section. 
Asymmetric surfactants
Next, we perform all our simulations and MS-CG for systems with interaction potentials corresponding to asymmetric surfactants, where the affinity between H types is stronger than in symmetric cases as described above. Figure 8a depicts the results of MS-CG for the system at a surface concentration of Γ = 0.234σ −2 . The CG force and effective interaction potentials are very similar to Figure 5a except the fact that the forcefield is less repulsive with respect to symmetric surfactants, and interestingly has an attractive tail. This attractive tail suggests that 2D gaseous-liquid phase transitions could occur in these interfaces (possibly at some different temperature and concentration ranges from those we have considered), similar to 2D phase transitions observed in Langmuir monolayers 7 . The force field is less accurate for small intermolecular separations again due to the lower chance of being sampled in the reference simulations, and becomes slightly more repulsive for increasing surface concentration, as is depicted in Figure 8b . Asymmetric surfactants are basically the same as symmetric ones but with an increased affinity between H blocks. This increased affinity can overcome steric repulsions for intermediate distances between molecules leading to an attractive tail in the effective interaction potential. Since the short-range effective interaction potential for higher surface concentrations is steeper (and hence more repulsive), the attractive contributions to these potentials shift the minimum to larger intermolecular distances for higher surface concentrations. A comparison between COM pair correlation functions obtained from 3D reference and 2D CG simulations for different surface concentrations is shown in Figure 9 . Similar to the symmetric case, there is very good agreement between CG (dashed lines) and reference (solid lines) PCF curves, except for small molecular separations. Figures 6 and 9 further imply that the many body potential of mean force for the coarse grained system (projected surfactant COMs) can be well approximated by a sum of pairwise additive interactions U CG (R IJ ) between surfactant COMs. In order to check whether our CG model can predict some characteristic features of these monolayers, we compare surface pressure-area isotherms obtained from CG (dash-dotted curve) and reference (solid curve) simulations in Figure 10 . The concentration-dependence of the surface pressure in the CG system follows a similar trend as the reference one. However, deviations of the results for the CG from the reference system are more pronounced compared to the symmetric case (see Figure  7) . It is well-known that CG systems cannot equally well describe structural and thermodynamic properties (such as the pressure) at the same time 59 . In the present situation, the surface pressure for the reference system is obtained via Equation (11) involves the interfacial tension of the bare interface from which the interfacial tension of the decorated interface is subtracted. In deriving CG interaction potentials, the contribution of the bare interface is not considered, however. The interface has a finite thickness (see Figure 2 ) resulting in a surfactant-surfactant and surfactant-solvent contributions to the configurational part of the normal pressure P N (and hence to the surface pressure of the reference system through Equations (10) and (11)), while in the CG picture (2D interface), these contributions are missing. In view of these limitations, the agreement is satisfactory in the sense that the trends are correctly reproduced and also a semi-quantitative agreement can be reached.
Conclusions
MD simulations of molecular-level reference systems were used to derive effective coarse grained pairwise potentials for linear nonionic surfactants adsorbed at fluid-fluid interfaces via a MS-CG method. The resulting 2D coarse grained representations of amphiphilic surfactants are quite reliable concerning the structure, since they can reproduce the surfactant COM pair correlation functions of the reference systems very accurately. These CG systems can also predict the surface pressure of reference monolayers semi-quantitatively. From the computational point of view, 3D to 2D mapping, together with integrating out the solvent and monomer effects, make these CG interaction potentials very efficient for large-scale simulations. One other interesting finding is that these effective interactions do not strongly depend on the surface concentration (similar to the results of Ref. 56 in coarse graining of polymer coils in bulk) which make them suitable for investigation of the equilibrium 2D phase behavior of these monolayers. The orientation of surfactants at the interface plane is not captured in the presented scheme but can be an important aspect of the interfacial microstructure for more rigid surfactants or higher surface concentrations. In these cases, by employing a higherlevel mapping e.g. two-site representation of surfactants (one for the COM of the head groups and another for the COM of the tail groups), the current scheme can be adapted to take into account surfactant orientational effects. Such higher level mappings can also be used to extend this work towards surfactants with more complicated chain architectures like the ones studied in Ref. 9 . Coarse-graining approaches often provide less reliable thermodynamic descriptions compared to structural properties. Recent developments addresses this issue within an isothermal-isobaric ensemble, and it would be interesting to apply the corresponding extended CG scheme 60 to the present case to improve the surface pressure estimation in our CG systems. CG interaction potentials obtained from MS-CG can be successful in predicting static properties. In order to capture the dynamics in the CG systems more accurately, one needs to properly account for the additional friction due to the eliminated degrees of freedom as done in systematic approaches for dynamic coarse-graining in Ref. [36] [37] [38] [39] .
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